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Abstract 
Current methods of shaft fitting are only partially successful at matching players with optimal equipment.  This could be due to 
player adaptation. Twenty-four players hit drives into a net with clubs of different shaft flexes.  This was repeated with vibration 
applied. Club kinematics were stable across flex conditions with no vibration, and it is probable that players varied the 
application of torques during the downswing to compensate for changes in club mechanics.  With vibration, for eleven players, 
club head speed and grip speed at impact increased with flex.  This suggests these players could not apply desired torques, 
perhaps due to noise in proprioceptive feedback caused by vibration.   
© 2009 Published by Elsevier Ltd. 
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1. Introduction 
Equipment that is optimized to the player is highly sought in golf.  A plethora of equipment choices, coupled with 
professional fitters, technicians and instructors seeks to provide the player with the best equipment possible.  
However, the existing body of research and knowledge concerning club optimization suggests that there are still 
many difficulties in determining which club characteristics should be matched with a particular golfer.   
In order to optimize equipment, one needs a clear performance outcome that can be maximized (or minimized).  
The golf drive represents an instance where it is desirable to maximize an outcome, namely the distance carried by 
the ball.  Additionally, since the ball’s flight after impact is governed only by aerodynamic forces and gravity, the 
distance carried by the ball is largely a function of the speed of the driver head at impact.  Club head speed during 
the golf drive is therefore a commonly chosen variable for optimization when examining the influence of club 
design on player performance.   
Approaches to optimization of club head speed have thus far taken a mechanical approach whether by 
experimentation or simulation modeling.  These approaches, however, have failed to find underlying principles that 
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can be universally applied to the problem of optimization. Variables such as club mass distribution[1], driver shaft 
length[2,3,4] and shaft flex[5,6,7,8] have been examined.  Although effects on club head speed have indeed been 
observed, none of these studies have been able to describe a clear predictive relationship between the variable in 
question and performance. 
The lack of a clear relationship between golf club properties and club head speed is undoubtedly due, in part, to 
variation in the players using the clubs.  However, even under circumstances where individual player kinematics are 
considered, equipment optimization is still elusive.  For example, the widespread practice of club fitting in golf is an 
attempt to optimize club shaft flex and size for a particular player based on their swing characteristics[9].  Although 
no standardized procedure exists, club fitting generally categorizes the player by measured club head speed at 
impact, as well as more subjective kinematic parameters.  Recently, it has been shown that when shaft flex fitting 
procedures are applied, based on club head speed, the result is only 33% of subjects being matched with the shaft 
flex for which they have their highest club head speed[5].  Given these difficulties, one might be tempted to consider 
shaft flex as being unimportant for maximizing club head speed, however, there is compelling evidence which 
suggests otherwise[5,6,8].  Even within these studies though, the optimal shaft flex was shown to vary from player 
to player for no apparent systematic reason. 
So the question remains as to why it is so difficult to prescribe, a priori, a golf club shaft which will produce the 
highest club head speed possible for a player.  The answer may be that players are adapting their swing in response 
to changes in the loads transmitted by the club.  Indeed, studies have shown that humans have an uncanny ability to 
compensate for changes in load when completing movement tasks[10,11,12,13].  Studies of golf putters[14] and 
tennis racquets[15] have shown that with large changes in equipment characteristics (putter weight and string 
tension) elite athletes are able to somehow sense these differences and compensate in order to accomplish their task 
consistently.  This occurs even when the athlete is not consciously aware of the changes[15].   
One strategy to determine whether or not players are adapting to changes in their equipment is to interfere with 
sensory information that might allow the player to compensate.  It is known that humans are sensitive to the inertial 
properties of objects, and it is thought that this sense may stem from both visual cues and proprioceptive information 
from muscle spindles and Golgi tendon organs[16,17,18].  Although laboratory studies exist that have successfully 
impaired proprioceptive feedback during object manipulation, no studies have attempted to do so during a rapid, 
multi-joint task such as the golf swing. 
Therefore, the purposes of this research were: 
• to implement a methodology, based on previous laboratory studies, which reversibly degrades the quality of 
proprioceptive information in the wrist and elbow flexors/extensors during a golf swing; and 
• to determine whether or not shaft-specific changes in club head speed are observed when upper extremity 
proprioception is degraded during golf drives with shafts of different flex. 
2. Methods 
Twenty-four golf athletes, free of musculo-skeletal injury, were recruited for this study (age 38.5 +/- 11.5yrs; 
height 180 +/- 7.9cm; mass 81.0 +/-13.4kg; handicap 6.9 +/- 3.1).  All subjects were proficient golfers, and their 
level of play varied from recreational to professional/instructional.  All subjects gave their informed consent prior to 
participating, and the study received ethical approval from the Conjoint Health Research Ethics Board.   
An interchangeable head-shaft system (TaylorMade, Carlsbad, USA) was used for this study.  Three 112cm
driver shafts (Aldila NV) were used, a ladies flex (L), a regular flex (R), and an extra-stiff flex (X).  Shaft properties 
as provided by the manufacturer are shown in Table 1.  One driver head (TaylorMade CGB Max Ltd., mass 198g) 
was used with all three shafts to produce three club conditions.  Three spherical retro-reflective markers were fixed 
to pins welded to the club head.  Three additional retro-reflective markers were fixed to the grip using epoxy. 
All swings were recorded in the golf research lab at the Human Performance Laboratory at the University of 
Calgary.  An artificial turf surface and a rubber tee were used, and all drives were hit approximately 2m into a net.  
A Motion Analysis Technology by TaylorMade (MATT) system was used to collect club kinematics.  The system 
consisted of nine high-speed (180Hz) digital video cameras linked to a PC with custom motion analysis software.  
Club head position and orientation at each frame was reconstructed from the positions of the head markers.  The 
velocity of the center of the club face was then calculated from the time history of positions and orientations of the 
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club head.   In a similar fashion, the position, orientation and velocity of a point, 14cm distal from the club butt, 
were calculated from the grip marker triad. 
Table 1. Selected properties of driver shafts used in this investigation. 
X-flex R-flex L-flex 
Butt Flex (mm) 70.3 91.1 114.5 
Tip Flex (mm) 97.7 125.7 151.0 
Frequency (Hz) 255 228 203 
Swing Weight (g) 34.7 33.6 34.0 
Length (cm) 111.8 111.8 111.8 
Mass (g) 57.7 56.7 54.1 
Inertia (kg m^2) 0.0061 0.0060 0.0057 
Subjects were outfitted with a small backpack and vibrating motors were taped to both arms, ~2cm proximal to 
the wrist and elbow joints on both the flexor and extensor sides (eight motors in total).  The locations chosen were in 
proximity to major flexor and extensor tendons crossing the wrist and elbow joints.   
Each vibrating motor consisted of a 12V DC motor (19.8mm x 15.0mm x 25.4mm) with an eccentric weight 
(half-moon, 18.0mm diameter x 5.1mm thick) attached to the shaft.  The motor was fit into a housing made from 1” 
PVC pipe, open at both ends.  All eight motors were connected in parallel to a 10V DC power supply. After fixing 
all eight motors to their intended locations, subjects were given a five minute self-directed warm-up period.  Once 
warmed-up, players hit 10 drives, in each of the three shaft conditions, with the vibration turned off.  The order of 
shaft conditions was randomized, and players were blinded to the change in clubs.  After a five minute break, the 
players then hit 10 drives in each of the three shaft conditions, this time with the vibration turned on.  For each trial, 
vibration was activated once the player addressed the ball, and was deactivated once the player achieved the finish 
position, after striking the ball. 
Club head speed at impact, grip speed at impact, and downswing time (time from top of backswing to impact) 
were calculated from the kinematic data.  These variables were analyzed for differences between shaft and vibration 
conditions, using repeated measures ANOVAs with Bonferroni post-hoc tests where appropriate (alpha = 0.05). 
3. Results 
When average club head speed and grip speed were examined for all subjects in the vibration condition, a weak 
shaft-dependent trend was observed whereby club head speed increased with flex.  Upon further study of the 
individual responses to vibration, a pattern emerged whereby certain individuals exhibited an increase in grip speed 
in the L-flex compared to the X-flex.  Subjects were therefore divided into two groups based on how their flex-
dependent trend in grip speed changed with vibration.  This was done by ranking subjects according to a change in 
grip speed, from Equation 1: 
ΔGS = (GSX_novibe – GSL_novibe) – (GSX_vibe – GSL_vibe) (1) 
Where GSX_novibe, GSL_novibe, GSX_vibe, and GSL_vibe are the grip speeds at impact for the X-flex with no vibration, 
the L-flex with no vibration, the X-flex with vibration and the L-flex with vibration, respectively.  Using the average 
standard error of measurement for grip speed from all data (0.03ms-1), the root-sum-squared uncertainty in ΔGS was 
calculated as 0.13ms-1.  Subjects were grouped into those who demonstrated a change (CHG group, ΔGS > 0.13ms-1) 
and those who did not (NOCHG, ΔGS < 0.13ms-1).  Table 2 shows average subject characteristics by group. 
Figure 1 shows the results for club head speed, grip speed and downswing time in all flexes for both vibration 
and non-vibration conditions.  P-values from the ANOVA are reported in the text while post-hoc p-values for the 
CHG group are reported in Figure 1.  Club head speed was significantly reduced in the vibration condition for both 
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CHG (-0.58ms-1,-0.04ms-1,-0.13ms-1 in X, R and L, p = 0.018) and NOCHG (-0.58ms-1,-0.67ms-1,-0.49ms-1 in X, R 
and L, p < 0.001) groups.  For CHG, there was a trend suggesting an interaction effect between flex and vibration, 
but it was not significant (46.0ms-1, 46.2ms-1, 46.4ms-1 in X, R, and L, p = 0.082).  Grip speed for CHG varied 
significantly with flex (p = 0.004) and there was a significant interaction effect with vibration (7.55ms-1, 7.73ms-1, 
7.87ms-1 in X, R, and L, p = 0.002).  Downswing time for NOCHG was significantly increased with vibration (p = 
0.007).  Downswing time for CHG trended towards being shorter as flex increased with vibration (281ms, 278ms, 
and 274ms in X, R and L, p = 0.213). 
Table 2. Average subject characteristics by group.  Numbers in brackets are standard deviations. 
NOCHG CHG 
N 13 11 
Height (cm) 180 (9.1) 182 (6.3) 
Mass (kg) 79.8 (15.2) 82.4 (11.5) 
Age (yrs) 40.7 (10.2) 35.8 (13.0) 
Handicap index 6.9 (3.5) 7.0 (2.6) 
Fig. 1. The effects of shaft flex and vibration on club kinematics for NOCHG and CHG groups.  Bars represent averages of all subjects within 
each group.  The dashed and dotted lines indicate the mean across shaft flex for No Vibration and Vibration, respectively. 
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4. Discussion 
Vibration has been previously shown in to reversibly degrade the quality of proprioceptive feedback, hampering 
tasks requiring object manipulation[19,20,21,22,23].  Pilot testing, using the vibration methodology presented here, 
confirmed that, for a force replication task using wrist flexors, vibration prevented subjects from applying a precise 
amount of force which they were able to apply with no vibration.  This suggests our vibration was successful in 
degrading the quality of information from proprioceptive sensors. 
When no vibration was applied, club kinematics were stable across flex conditions for both CHG and NOCHG.  
In order for the players to demonstrate stable kinematics with shafts of different flex, it is necessary for them to vary 
the application of forces during the downswing to compensate for differences in club behavior.  Consequently, the 
application of forces during the downswing could be governed in response to some observed behavior of the club, 
such as its inertial resistance.  Research into load compensation supports the general concept that humans can sense 
and adapt to external loads applied to limbs in order to maintain specific kinematics[10,11,12]. 
The existence of two groups of subjects indicates different responses to the vibration.  Although club head speed 
at impact was affected in both groups, grip speed at impact was only affected in the CHG group.  This suggests that 
there was minimal effect of vibration on the kinematics of the grip for the NOCHG group, and this effect was 
perhaps amplified at the club head due to the physics of rotational motion.  NOCHG players also maintained stable 
performance across flex conditions, meaning that they were still able to vary the application of forces with different 
flexes.  We can therefore speculate that NOCHG players are either not dependent upon proprioceptive information, 
or the vibration was insufficient to degrade the quality of their proprioceptive information. 
For the CHG group, when vibration was applied, shaft-dependent trends were observed in club head speed, grip 
speed and downswing time.  Given the assumption that players were varying the forces applied to the club without 
vibration, this implies that they were perhaps unable to do so with vibration.  Subjects exposed to sensory-impairing 
stimuli[22,24] or suffering from deafferentiation[22,25] demonstrate decreased accuracy in force-estimation tasks, 
coupled with a tendency to apply excessive force.  It is speculated that a player unable to sense the inertial behavior 
of the club would perhaps apply similar force-time histories to each club, resulting in changes in kinematics that are 
a function of shaft flex.  Since forces at the grip were not measured, we cannot currently confirm this speculation. 
The exact mechanism responsible for the systematic trends in club kinematics in the CHG group is unknown, 
however several explanations can be postulated.  Increasing shaft flex would decrease the effective inertia and 
effective mass of the club when it undergoes acceleration, as occurs at the start of the downswing.  Assuming the 
player applies a consistent force-time profile for all shafts, this would allow the grip to accelerate to a higher speed 
in the more flexible shaft, and could also decrease downswing time.  In addition the timing of the wrist-cock release 
is thought to be dependent upon joint positions and/or torques and might therefore be susceptible to changes in 
inertial resistance of the club[26].  This event is also considered to have large influences on generation of club head 
speed during the downswing[26,27,28]. 
 It could also be argued that changes in energy storage and return in the shaft could result in systematic changes 
to club kinematics.  It is known that shaft flex can influence club head speed, which allows for the possibility that 
differences in the magnitude and timing of shaft deflection could result in shaft-dependent effects[5,6,8].  While 
deflection data are not presented in the current study, it is possible to examine shaft deflections for each club and 
determine whether substantial changes in energy storage and return are occurring with the vibration.  
Finally, CHG players might be utilizing pressure sensor information from the hands to gauge club inertia in an 
attempt to adapt to changes in shaft flex.  Cutaneous mechanoreceptors are known to play a role in gauging object 
properties[29,30].  If CHG players are attempting to maintain similar pressures at the hands across different shaft 
conditions, this could result in slower swing speeds for clubs with higher inertial resistance (X-flex shaft), compared 
to clubs with lower resistance (L-flex shaft). Since grip pressures were not measured, it is difficult to say whether 
this sensory modality came into play.  
It is clear that the application of vibration had an influence on the behavior of the players when executing a golf 
drive.  These findings demonstrate that at least some players utilize information from proprioceptive sensors to 
complete the task of driving the ball.  For these individuals the resulting changes to club kinematics were shaft-
dependent.  Further investigation is required to elucidate the mechanism(s) responsible for shaft-dependent changes 
in club kinematics, as several explanations are possible.  Additionally, it is necessary to understand to what extent 
proprioceptive information is affected by the vibration in both groups of players. 
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